Abstract: Self-heating operation, or the use of the resistance-probing signal to warm up and control the temperature of nanowire devices, has been the subject of research for more than a decade. The state-of-the-art shows that this approach is serving to lower the power demand in temperatureactivated devices, especially in conductometric gas sensors, but the simplicity of eliminating the heating element comes with the complexity of integrating 1-dimensional nanomaterials in electronic devices. The advantages of the efficient self-heating effect in nanowires have already been probed in a broad range of systems and materials. But when it comes to transfer this operating principle to new systems and materials natural doubts arise: how to do it?, how much savings in power will be achieved? We will address these questions in this review contribution.
Introduction
Controlling the operating conditions of a sensor is crucial to obtain accurate, repeatable, and long-term stable readings. Otherwise, factors like vibration, ambient light, or temperature can interfere with the sensor signal, leading to readings not related to the magnitude being monitored. To prevent this cross-talk interference, many sensor technologies integrate some kind of actuator, either mechanical, optical or thermal. This is, in most of the cases, the main power hungry part of the device [1] .
Concerning temperature control, it is mostly based on electrical resistors (for heating) and thermoelectric elements (for heating and cooling). The optimization of their power budget has usually relayed on more miniaturization (to reduce the thermal masses to be heated up [2, 3] ), and on better thermal isolation (to minimize the thermal losses related to heat conduction through solid parts [4] [5] [6] ). This trend already started in the first generation of sensors with active areas at a millimeter scale [7] , which was later reduced to tens-to-hundreds of microns with the use of microfabrication techniques (MEMS) [3, 5, [8] [9] [10] [11] . Today, with the advent of nanotechnology (NEMS), we are approaching to the sub-micron regime [12, 13] . In fact, nanotechnology enables the use of a nanowirebased heating method with potential for ultra-low power consumption, the self-heating effect, which is the subject reviewed in the following pages.
The advantages of the efficient self-heating effect in nanowires have already been probed in a broad range of systems and materials. But when it comes to transfer this operating principle to new systems and materials natural doubts arise: how to do it?, to what extend the desired features will be achieved?
This paper aims at providing general guidelines for the achievement of efficient self-heating in new materials and system configurations. These suggestions are built upon knowledge available in a broad literature, the own experience of the authors, and finite elements simulations (FEM) carried out specifically to clarify some grey points. To that end, we used the COMSOL Multiphysics software to perform the modeling with the Joule Heating module [14] .
For the sake of simplicity, only an individual suspended nanowire has been considered. The electrical access was made through two gold pads on top of a silicon bulk with a SiO2 insulator layer (Figure 1 ). Simulation parameters, such as electrical conductivity, thermal conductivity and nanowire dimensions, were selected in a broad range of values, considering most of the materials used in the literature for sensing devices [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . In all cases, a convective cooling boundary condition with a heat transfer of h = 5 W·m −2 ·K −1 has been applied. Reproduced from Ref. [40] , with permission from Elsevier.
Materials Shape and Dimensions
As described in the previous section, there are many reports on devices taking advantage of the self-heating effect in nanostructured materials. Today, it is out of question that relatively efficient self-heating can be achieved in typical semiconductor materials (e.g., Si, Ge, GaN), metal oxides (SnO2, ZnO, TiO2, In2O3), carbon allotropes (CNT, CNF, graphene, etc.) if they are shrunk down to the nanoscale in some of their dimensions.
The need for providing a clear and thin path for the current flowing from end to end, along the heated material, suggests a certain preference for 1D (i.e., nanowire, nanotube) or 2D (e.g., graphene) nanostrucutres. In fact, no efficient self-heating effects have been reported for 3D nanoparticles, which typically form aggregates offering thicker current paths.
Concerning sizes, efficient self-heating usually emerges from nanoparticles with characteristic confinement dimensions well below 100 nm. However, as shown in the following sections, this number is strongly dependent on the transport properties of the materials. Still, there is a general trend that suggest that, for the same material and in the same device configuration, the thinner the nanostructure, the higher the heating efficiency ( Figure 2 ). According to our simulations, the increment of the temperature is inversely proportional to the cross-section of the 1D nanostructure being heated. In the case of a cylindric nanowire, this relationship can be written as
where rnw is the radius of the nanowire, or in a more general 1D material, any characteristic dimension of the transversal confinement. 
Electrical Transport Properties
The fact of measuring the efficiency of the self-heating effect in terms of the electrical power needed to achieve a certain temperature usually leads to the misconception that the efficiency of this heating phenomena is closely related to the electrical transport properties of the materials used (e.g., electrical conductivity). This is, however, not the case.
To illustrate this question we carried out FEM simulations of the self-heating effect in one single nanowire of 2 μm in length and 60 nm in diameter bridging between two Au electrodes, considering different electrical conductivities, from σ = 1 S·m -1 to σ = 104 S·m -1 and a constant thermal conductivity of κ = 1 W·m −1 ·K −1 . This range of σ variation corresponds to typical values of relevant materials, from SnO2 to carbon nanofibers, in a nanostructured form, which is usually higher than their bulk counterparts [15] [16] [17] [18] [19] . Figure 3a clearly shows that, independently on the electrical conductivity, nearly identical temperatures are achieved for the same power consumption (i.e., the same ESH).
However, the electrical transport properties have a major impact on the convenience and practicability of implementing a self-heated device. The electrical conductance determines how the electrical power required for heating must be applied. As illustrated in Figure 3b , large conductivities involve lower voltages and higher currents. Conversely, low conductivities require lower current levels at a much higher voltage. From the point of view of convenience, the first case might be simpler to implement with conventional electronic components, typically designed for operation in the range of a few volts. Also, the need of higher voltage levels may lead to additional energy losses (e.g., due to the voltage boosting), detrimental for a low power operation mode. Of course, there are also limits on the amount of current that low power devices could provide, but this aspect is usually easier to circumvent with a proper electronic design. Again, no universal rule seems to exist but, in the authors' experience, electrical resistances in the range of thousands of ohm provide a good balance in terms of convenience for operation. Beware that this rule of thumbs relates to the macroscopic resistance, which involves not only the conductivity of the material but also its geometrical arrangement. This means that given a material, its final electrical behavior can be adjusted, to some extent by tailoring the device geometry.
Heat Transport Properties
Contrary to the case of electric transport, the properties related to heat transport play a crucial role in the effectiveness of the heating.
Specific simulations, in which the thermal conductivity κ of a nanowire with σ = 100 S·m −1 was swept from 10 -2 to 10 2 W·m −1 ·K −1 [20] [21] [22] [23] [24] showed that the decrease in κ leads to smaller amounts of electrical power needed to reach the same temperature (Figure 4) . In conventional bulk materials, modifying the thermal conductivity is complex. In contrast, big modifications are relatively simple in nanomaterials, due to the strong influence on the phonon scattering properties of confinement and shape. For example, bulk SnO2 has a thermal conductivity in the range of 50-100 W·m −1 ·K −1 [20] , while its nanometric counterpart can be one or two orders of magnitude lower, 1-5 W·m −1 ·K −1 [21] .
Thus, the modification of the thermal conductivity offers a path for further research in the optimization of heat and electron transport, with the aim of a more efficient heating.
Thermal Loses With the Substrate
In addition to the transport of energy trough the materials under Joule heating, the losses of thermal energy play a fundamental role in the discussion of efficient heating achievement.
The early works exploring the effects of Joule heating in thin films (reporting moderate heating with large amounts of power dissipated) suggested [25] and the more recent works, (exploring the possibility of shrinking the conduction path of a thin film in a top-down attempt to build up an energy efficient wire) confirmed [26] that the thermal losses by conduction with the substrate and/or the contacts are the major threat for the self-heating efficiency. To circumvent this problem and optimize the heating efficiency, some authors chose to separate the material from the substrate in suspended configurations [12] . This approach proved to be successfully reaching record power efficiency figures despite the complexity. However, there are also many works showing nanowire-like structures lying apparently in direct contact with a substrate that report efficient heating.
To better understand this issue, we carried out again specific FEM simulations adjusting the degree of contact between one single nanowire in self-heating operation and a flat substrate. Detailed studies of the thermal transfer mechanism at the nanoscale [27, 28] , not only with the substrate but also with the ambience [29] , contacts [30, 31] , etc. are found elsewhere. Figure 5 shows the thermal behavior in the case of (a) full flat contact, (b and c) discontinuous contact, and (d) no contact (i.e., suspended wire). In all cases, the same amount of power was dissipated in the wire. Clearly, in accordance with the qualitative trends observed in the experiments, a full an intimate contact between the wire and the substrate hampers all sort of efficient heating. On the other hand, fully suspended nanostructures, even at distances from the substrate as small as 1 nm, show the best results in terms of heating efficiency, as expected from many of the experiments reported elsewhere. Interestingly, the intermediate situations also lead to significant, but lower, temperature increases for the same amount of power (ESH ~ 47, 68 and 88 for the simulations in Figure 5b-d, respectively) . This last result suggests that, possibly, the contact with the substrate is not complete in devices based on nanowires laying on a substrate. It is plausible thinking that, at such small scale, minor effects like surface roughness, wire bending, etc. easily lead to a discontinued contact scenario. 
Multiple Nanowires
As mentioned above, efficient self-heating can also be achieved in systems containing multiple nanowires. Apparently, a network of 1D wires forms a thermal insulating scaffold structure that prevents the direct contact between the substrate and most of the material. This way, the spots in the network that combining sufficient insulation with proper electrical connectivity concentrate most of the heating (Figure 6a ) [32] [33] [34] [35] [36] [37] [38] [39] . To illustrate this phenomenon, a structure made of multiple nanowires randomly interconnected has been simulated (Figure 6b) . Clearly, the nanowire portions in direct contact with the substrate reach temperatures well below the ones achieved in the upper nanowire parts. For the sake of comparison, the efficiency of this structure was ESH ~ 32, in contrast with the ESH ~ 88 found for a single nanowire (Figure 6d ). Despite this three-fold reduction of the efficiency, the approach is much simpler to implement and still allows for very low power operation. The questions of how these efficiencies scale with the number of wires in the network and how the network size average out the differences between different random arrangements in different devices are still unanswered, but are crucial to elucidate the future of this approach. Reproduced from Ref. [40] , with permission from Elsevier.
Recommendations for an Efficient Self-Heating
From the previous considerations (dimensions, electrical and heat transport properties, and thermal losses), the following conclusions can be drawn:
i.
For obvious reasons, the cross-section dimensions of the wires are crucial, as the temperature is inversely proportional to the square of the characteristic width of the nanoparticle (e.g., radius in the case of a cylindrical nanowire). ii. In terms of materials properties, thermal conductivity is the determining factor for an efficient self-heating. Confinement effects at the nanoscale can modify the thermal conductivity in the direction of improving the efficiency. iii. The electrical properties (i.e., electrical conductivity or resistivity) are not the key factors to achieve efficient self-heating, but they are accountable for the conditions in which the electrical power should be applied. iv. Thermal loses with all elements in contact with the self-heated material (usually, substrate and electrical contacts) are greatly detrimental for the efficiency. While some thermal insulation is needed, just a few nanometers might be enough to dramatically reduce these thermal losses. v. Multiple-wire configuration may help to create the suitable thermal insulation conditions, facilitating device integration, but opening new challenges in device reproducibility. vi. The coupling between sensing effects and temperature effects on the nanowire resistance affects the amount of power being dissipated. This effect does not compromise the ability to increase the temperature of the material, but limits the accuracy in controlling the actual temperature reached in self-heating mode.
Conclusions
In this work, we have reviewed the progress made to date in nanowire devices operated with self-heating. It is proposed an objective parameter to quantify and compare the efficiencies achieved in different devices and configurations: the Efficient Self-Heating coefficient. Finally, we compile a set of recommendations (based on own experience, literature, and finite-element simulations) to guide the design of future devices of this kind.
After a decade of research, the potential of this approach for lowering the power consumption in temperature-activated sensors has been undoubtfully demonstrated. The future of the approach hangs on our ability to overcome the challenges of integrating one single 1D nanoparticle in an electronic device, or on our ingenuity to recover the same low-power features in much simpler configurations.
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